Plant-beneficial Pseudomonas spp. competitively colonize the rhizosphere and display plant-growth promotion and/or disease-suppression activities. Some strains within the P. fluorescens species complex produce phenazine derivatives, such as phenazine-1-carboxylic acid. These antimicrobial compounds are broadly inhibitory to numerous soil-dwelling plant pathogens and play a role in the ecological competence of phenazine-producing Pseudomonas spp. We assembled a collection encompassing 63 strains representative of the worldwide diversity of plantbeneficial phenazine-producing Pseudomonas spp. In this study, we report the sequencing of 58 complete genomes using PacBio RS II sequencing technology. Distributed among four subgroups within the P. fluorescens species complex, the diversity of our collection is reflected by the large pangenome which accounts for 25 413 protein-coding genes. We identified genes and clusters encoding for numerous phytobeneficial traits, including antibiotics, siderophores and cyclic lipopeptides biosynthesis, some of which were previously unknown in these microorganisms. Finally, we gained insight into the evolutionary history of the phenazine biosynthetic operon. Given its diverse genomic context, it is likely that this operon was relocated several times during Pseudomonas evolution. Our findings acknowledge the tremendous diversity of plant-beneficial phenazine-producing Pseudomonas spp., paving the way for comparative analyses to identify new genetic determinants involved in biocontrol, plant-growth promotion and rhizosphere competence.
Introduction
Members of the genus Pseudomonas are rod-shaped Gram-negative ɤ-proteobacteria which colonize a wide diversity of ecological niches thanks to their striking metabolic versatility (Stanier et al., 1966; Palleroni, 1984) . While this genus includes, notably, the opportunistic pathogen P. aeruginosa and the plant pathogen P. syringae, most species are not pathogenic and are ubiquitously found in natural environments. In the rhizosphere, a heterogeneous and challenging environment shaped by plant rhizodeposition (Zboralski et al., 2017) , numerous plant-beneficial Pseudomonas spp. have been reported to display plant-growth promotion and disease-suppression activities (Weller, 2007) . These microorganisms aggressively colonize the rhizosphere and produce numerous antibiotic compounds, such as 2,4-diacetylphloroglucinol, cyclic lipopeptides or phenazines (Gross and Loper, 2009) , which contribute to the biological control of plant pathogens (Haas and Défago, 2005) . Among the diversity of secondary metabolites produced by plant-beneficial Pseudomonas spp., phenazine derivatives have been extensively studied for their broadspectrum activity against numerous plant pathogens (Chin-A-Woeng et al., 2003; Mavrodi et al., 2006) as well as for their ecological importance (Mazzola et al., 1992; Mazurier et al., 2009; Mavrodi et al., 2012) .
Phenazine compounds are redox-active nitrogencontaining heterocyclic molecules produced by several microorganisms, including certain species of the genus Pseudomonas. The production of phenazine-1-carboxylic acid (PCA) is mediated by a seven-gene operon (Mavrodi et al., 1998) , which is highly conserved in all plant-beneficial phenazine-producing Pseudomonas spp. studied to date (Mavrodi et al., 2010) . Some strains also possess additional genes, such as phzH and phzO, which are responsible for the conversion of PCA to phenazine-1-carboxamide (PCN) and 2-hydroxyphenazine-1-carboxylic acid (2-OH-PCA), respectively (Chin-A-Woeng et al., 2001; Delaney et al., 2001) . Some phenazine derivatives have been shown more effective than others against specific plant pathogens, such as PCN against Fusarium oxysporum f. sp. radicis-lycopersici (Chin-A-Woeng et al., 2001) or 2-OH-PCA against Gaeumannomyces graminis var. graminis (Yu et al., 2018) . However, all phenazine compounds are considered inhibitory against most bacterial and fungal plant pathogens (Mavrodi et al., 2006) . This inhibition comes from their redox activity, which is believed to alter oxidative phosphorylation and generate reactive oxygen molecules (Hassan and Fridovich, 1980; Turner and Messenger, 1986) . In addition, numerous studies have reported on the beneficial and complex role of phenazines in the biology of the producing bacteria. Phenazines are thought to be involved in numerous physiological processes including electron shuttling (Price-Whelan et al., 2006; Wang et al., 2010) , iron acquisition (Hernandez et al., 2004; Wang and Newman, 2008) and biofilm formation (Maddula et al., 2006; Maddula et al., 2008; LeTourneau et al., 2018) , contributing to the ecological success of these microorganisms.
Since the first demonstration of the role played by phenazine derivatives in plant disease-suppression by Thomashow and Weller (1988) , hundreds of plant-beneficial phenazine-producing Pseudomonas spp. have been isolated worldwide from the rhizosphere of many host plants. Among this tremendous diversity, extensive indigenous communities of phenazine-producing Pseudomonas spp. have been characterized in two agroecosystems to date. In the natural suppressive soils of Châteaurenard (France), phenazine-producing Pseudomonas spp. have been reported to colonize the rhizosphere of tomato and flax, acting in synergy with nonpathogenic F. oxysporum to suppress Fusarium-wilt (Mazurier et al., 2009) . In the Columbia Plateau of the Inland Pacific Northwest (United States), large populations of phenazine-producing Pseudomonas spp. colonize the rhizosphere of cereal crops grown under arid conditions (Mavrodi et al., 2010; Mavrodi et al., 2012) . Mavrodi et al. found that the rhizosphere colonization by these microorganisms was associated with a consequent accumulation of PCA in the rhizosphere -up to 1.6 micrograms per gram of roots -suggesting a role for these populations in the natural suppression of Rhizoctonia-root rot Jaaffar et al., 2017) . The genetic diversity of these two populations have been studied by a combination of molecular techniques including restrictionfragment length polymorphism (Mazurier et al., 2009) , multilocus sequence analysis (Parejko et al., 2013) and BOX-PCR genomic fingerprinting (Mazurier et al., 2009; Parejko et al., 2012) . These studies identified an important diversity of 11 and 31 BOX-PCR genotypes in Châteaurenard and in the Columbia Plateau, respectively. Interestingly, most genotypes in Châteaurenard clustered with P. chlororaphis reference strains (Mazurier et al., 2009) , while almost all genotypes found in the Columbia Plateau belong to four closely related species, which are relatively distant from P. chlororaphis (Parejko et al., 2013) . Strains isolated from these two agroecosystems belong to the P. fluorescens species complex, which encompasses more than 50 validly described species (Mulet et al., 2010) . This species complex is characterized by its wide phenotypic, ecological and genomic diversity (Loper et al., 2012; Garrido-Sanz et al., 2016) . Based on multisequence analysis (MLSA) and phylogenomic analysis, the P. fluorescens species complex has been divided into nine or ten subgroups (Mulet et al., 2010; Garrido-Sanz et al., 2016; Hesse et al., 2018) . While most plant-beneficial phenazine-producing strains belong to the P. fluorescens and P. chlororaphis subgroups, strains from at least two other subgroups within the P. fluorescens species complex have also been isolated (Parejko et al., 2013; Arnau et al., 2015; Flury et al., 2016; Garrido-Sanz et al., 2016) .
Despite the tremendous diversity of plant-beneficial phenazine-producing Pseudomonas spp. reported to date, available genomic resources remain scarce: only a handful of genomes have been sequenced (29 genomes currently available in the Pseudomonas genome database), limited to some type strains and few other well-studied strains. Moreover, most genomes currently available are draft genomes, which greatly reduce their values for pangenome analyses and comparative genomics (Fraser et al., 2002; Barbosa et al., 2014) . Such comparative studies are vital to understand the mechanisms involved in disease-suppression or rhizosphere colonization as, for example, other antimicrobial metabolites often act in synergy with phenazine derivatives to suppress plant diseases, such as cyclic lipopeptides (Debode et al., 2007; D'aes et al., 2011; Olorunleke et al., 2015) . As a first step towards better understanding the genomic diversity of plant-beneficial phenazine-producing Pseudomonas spp., we assembled a collection of 63 strains representative of the worldwide diversity. We carried out an unprecedented sequencing effort to sequence 58 genomes using PacBio RS II sequencing technology, while good quality genomes for five strains were already publicly available. We subsequently conducted a comparative genomic analysis to identify unique genes and traits as well as those shared between the different groups. We put a special emphasis on genes and clusters involved in disease-suppression, plant-growth promotion and rhizosphere colonization. Finally, we gained insight into the evolutionary history of the phenazine biosynthetic operon.
Results/discussion
Strain selection, genome sequencing and genomic features Sixty-three strains belonging to the P. fluorescens species complex and harbouring the phenazine biosynthetic operon were selected for this study (Supporting Information  Table S1 ). These strains have been isolated from 17 countries located on four continents (Fig. 1) . Fifty-seven strains were isolated from the rhizosphere of 14 agricultural plant species or from agricultural soils (Fig. 1) . Our collection includes strains from the dryland fields of the Columbia Plateau, strains from the disease-suppressive soils of Châteaur-enard and many strains previously characterized as promising biocontrol agents.
Fifty-eight genomes were sequenced using PacBio RS II sequencing technology, generating for each strain an average of 101 191 raw subreads with an average length of 12 238 bp. The 58 genomes were assembled using the HGAP pipeline (Chin et al., 2013) , generating single contiguous genome sequences, which were subsequently circularized by merging overlapping ends. No plasmids were detected in the sequenced genomes. Five circularized genomes were also retrieved from GenBank, and the 63 strains were annotated using the RAST annotation pipeline (Brettin et al., 2015) . Genomic features, including chromosome size, G + C% and number of protein-coding sequences, are presented in Supporting Information Table S2 . Briefly, chromosome size varies between 5.65 and 7.23 Mb (average 6.63) with a number of coding DNA sequences (CDSs) ranging from 5077 to 6592 (average 6008) and a G + C% fluctuating between 59% and 63.5% (average 61.5). These numbers are consistent with those obtained for others Pseudomonas genomes (Silby et al., 2009; Loper et al., 2012) . Fig. 1 . Geographical origins of the strains used in this study. Each strain is represented by a symbol which corresponds to the phenazine derivatives produced. The rectangle corresponds to strains producing only phenazine-1-carboxylic acid (PCA). The triangle corresponds to strains producing phenazine-1-carboxamide (PCN) and the circle corresponds to strains producing 2-hydroxyphenazine (2-OH-PHZ) and/or 2-hydroxyphenazine-1-carboxylic acid (2-OH-PCA). The membership of each strain to one of the four subgroups defined across this study is represented with the use of different colours (yellow for the P. gessardii subgroup, orange for the P. fluorescens subgroup, green for the CMR12a/CMR5c subgroup and blue for the P. chlororaphis subgroup). Finally, the plant host is indicated by a number in the top right corner for each strain sharing the same host plant in the same country. Numbers correspond to the following plants: 1 wheat, 2 tomato, 3 maize, 4 alfalfa, 5 beet, 6 clover, 7 cocoyam, 8 strawberry, 9 avocado, 10 oak, 11 potato,12 radish, 13 soya, 14 spruce, 15 sugarcane. $ and * Corresponds to strains isolated from soil or from another environment respectively. Given that the geographical origin of four strains was not available, they do not appear on the map.
Phylogeny
Using EDGAR (Blom et al., 2016) , we created a phylogenomic tree from 2651 genes of the core genome (Fig. 2) . The 63 strains can be differentiated into four subgroups, with three corresponding to subgroups defined by GarridoSanz et al., (2016) : the P. chlororaphis subgroup (38 strains), the P. fluorescens subgroup (22 strains) and the P. gessardii subgroup (one strain). The last subgroup encompasses two strains, Pseudomonas spp. CMR12 and CMR5c, that are distantly related to P. protegens and P. chlororaphis (Ruffner et al., 2015; Flury et al., 2016) .
To gain insight into the taxonomic affiliation of the different strains and the position of the 63 strains in the P. fluorescens species complex, we inferred a neighbour-joining phylogeny based on a concatenated alignment of four housekeeping genes (16S rDNA, gyrB, rpoD and rpoB) from the 63 strains under study alongside 47 type strains and 35 additional strains (Supporting Information Fig. S1 ). In the P. fluorescens subgroup, four strains were classified as P. orientalis and 10 were classified as 'Pseudomonas aridus', a provisionally named species based on a previous publication (Parejko et al., 2013) . We also found that six strains clustered among two different type strains, P. synxantha LMG2335 T and P. libanensis CIP105460 T (Supporting Information Fig. S1 ). Parejko et al., obtained a similar result: the P. synxantha clade (which included strains 2-79, R6-28-08, R2-4-08W and R2-54-08W) had only a mean MLSA-based sequence dissimilarity of 1.5% to P. libanensis CIP105460 T (Parejko et al., 2013) , which is below the accepted cut-off for defining species within the Pseudomonas genus (Mulet et al., 2010) . A pairwise average nucleotide identity (ANI) superior to 95% between the two type strains (Tran et al., 2017) also suggests that they might belong to the same species. We calculated pairwise ANI between the 63 strains under study (Supporting Information Fig. S2 ) and average amino acid identity (Supporting Information Fig. S3 ). ANI values greater than 95% between 2-79, LBUM223, R6-28-08, R2-4-08W and R2-54-08W indicate they belong to the same species (P. synxantha). We chose to include 30B in the P. synxantha species as well, although ANI similarities to the other P. synxantha strains are slightly below 95%. R5-89-07 was found to be genetically related to the provisionally named species 'P. cerealis' (Parejko et al., 2013) . When this species will be validly described, then the taxonomic status of R5-89-07 should be clarified. Finally, LBUM920 likely represents a novel species undescribed to date, based on the low digital DDH values obtained between LBUM920 and other type strains in the P. fluorescens subgroup (Results not shown). In the P. chlororaphis subgroup, all strains belong to the P. chlororaphis species and 33 out of 38 strains can be affiliated to one of the four subspecies described to date (Peix et al., 2007) .
While phenazine-producing strains belonging to the P. fluorescens and the P. chlororaphis subgroups are frequently isolated around the world, strains from the two other subgroups are scarce: P. yamanorum LBUM636 (formerly P. fluorescens), the sole member of the P. gessardii subgroup in our study, was isolated from the rhizosphere of strawberry in Canada. To our knowledge, only two other phenazine-producing bacteria from this subgroup have been isolated: Pseudomonas sp. 1209 (Parejko et al., 2013) and P. yamanorum 8H1 T (Arnau et al., 2015) . As for the fourth subgroup, the two strains CMR5c and CMR12a were isolated from the rhizosphere of cocoyam in Cameroon among other closely related isolates and were selected for their ability to supress cocoyam root rot disease . These two strains have been successively affiliated to the Pseudomonas putida species complex (Mavrodi et al., 2010) and, more recently, to the Pseudomonas fluorescens species complex (Ruffner et al., 2015; Flury et al., 2016) . Our finding confirms the later affiliation, as P. protegens is currently the closest described species to these two strains. However, strains CMR12a and CMR5c are clearly distinct from P. protegens strains, as shown in the MLSAphylogeny in Supporting Information Fig. S1 .
Core genome and pangenome analysis
A core genome of 3143 CDSs has been identified ( Fig. 3) , which is significantly larger than the core genome found for 10 strains (2789) and 93 strains (1335) from the P. fluorescens complex species (Loper et al., 2012; Garrido-Sanz et al., 2016) . As our collection only includes strains from four subgroups, this higher number of core genes was expected. The number of core genes corresponds to 47.7% to 61.9% of the total number of CDSs for each strain. Functional annotation of the 3143 'core proteins' was performed using the COG database (Marchler-Bauer et al., 2010) . The largest COG functional categories are amino acid transport and metabolism (E) and transcription (K; Supporting Information Fig. S4 ). Interestingly, slightly less than 2% of the core proteins were classified in COG category Q (secondary metabolites biosynthesis, transport and catabolism). This indicates that genes involved in secondary metabolism are rather strain or group specific. In addition, we calculated the core genome for each subgroup and for each species as well as singletons for each strain (Fig. 3) . The two subgroups with more than three strains, P. fluorescens and P. chlororaphis, possess a core genome approaching 70% of the total number of CDSs for each strain (3809 and 4469 CDSs respectively for the two subgroups). In addition, each strain harbours an average of 100 singletons, with a maximum of 373 singletons for P. For each strain, a symbol indicating the phenazine derivative produced is presented. The rectangle corresponds to strains producing only phenazine-1-carboxylic acid (PCA). The triangle corresponds to strains producing phenazine-1-carboxamide (PCN) and the circle corresponds to strains producing 2-hydroxyphenazine (2-OH-PHZ) and/or 2-hydroxyphenazine-1-carboxylic acid (2-OH-PCA).
yamanorum LBUM636, the only strain within the P. gessardii subgroup in our study. This diversity is reflected by the size of the pangenome, which has been calculated to account for 25 413 CDSs. The pangenome consist of 3143 genes from the core genome, 12 669 genes from the dispensable genome and 9601 genes from the strainspecific genome. Comparing these numbers with those obtained in other studies is a delicate task, as the pangenome will automatically increase when more strains are added. Loper et al. (2012) found a pangenome totaling 13 872 CDSs for 10 strains distributed across the P. fluorescens species complex while Garrido-Sanz et al.
(2016) calculated a pangenome totaling 30 848 CDSs for 93 strains representative of the diversity in the P. fluorescens species complex. Given that our collection only contains strains from four subgroups within the P. fluorescens species complex, a pangenome accounting for 25 413 CDSs for 63 strains is indicative of an important diversity. Fig. 3 . Numbers of orthologous CDSs belonging to the core genome, group-specific and strain-specific genomes. From inside to outside: The first and innermost circle shows the core genome of the 63 strains used in this study. The second circle shows the core genome of each subgroup described in this study containing at least two strains. The numbers in brackets indicate the number of CDSs that are group-specific (i.e., CDSs present in every strain from a group but absent in all other strains). The third circle is similar to the second one but compares species and subspecies core genomes. Finally, the fourth and outermost circle represents the singletons (i.e., the CDSs that are strain-specific). For the four circles, the percentages indicate the proportion of core genes (or singletons) compared to the average number of CDSs in the relevant set of strains (e.g., the core genome of 3809 CDSs found for the 22 strains from the P. fluorescens subgroup represent, in average, 69.3% of the total number of CDSs for each strain from this subgroup). Abbreviations are the following: P, Pseudomonas; chl, chlororaphis.
We have estimated the development of the pangenome for 63 strains using a Heaps' law function (Supporting Information Fig. S5 ). Our estimates suggest that plantbeneficial phenazine-producing Pseudomonas spp. possess an open pangenome with a growth exponent of 0.384. From a practical perspective, if 100 new genomes were to be sequenced, we would expect the pangenome size to increase by an average of 110 CDSs per genome.
Traits involved in biocontrol, plant-growth promotion and rhizocompetence
The 63 genomes under study were surveyed for genes and clusters involved in biocontrol, plant-growth promotion and rhizocompetence. Genes and clusters found in the 63 genomes included antibiotics, cyclic lipopeptides and siderophore biosynthetic clusters, Types III and VI secretion systems, antibacterial proteins, denitrification clusters and clusters involved in plant-bacteria interactions. Results are presented in Fig. 4 .
Antibiotics. The 63 strains under study harbour a full phenazine biosynthetic operon, composed of two regulatory genes (phzI/phzR) and seven core biosynthetic genes (phzABCDEFG). Thirty-nine strains also possess an accessory biosynthetic gene, phzH (15 strains) or phzO (24 strains), which are responsible for the production of phenazine-1-carboxamide (PCN) and 2-hydroxyphenazine-1-carboxylic acid (2-OH-PCA), respectively (Chin-A-Woeng et al., 2001; Delaney et al., 2001) . In addition to phenazines, we found several antibiotic biosynthetic clusters in the 63 strains: 2,4-diacetylphloroglucinol (2,4-DAPG), hydrogen cyanide, pyrrolnitrin, pyoluteorin and 2-hexyl 5-propyl resorcinol (HPR) biosynthetic clusters were found at least once among the 63 genomes. These antibiotics have all been characterized for their strong activity towards fungal pathogens and some bacterial pathogens (Haas and Défago, 2005; Cazorla et al., 2006) . Strains from the P. fluorescens subgroup and P. yamanorum LBUM636 only harbour the phenazine biosynthetic clusters, except for P. orientalis 8B which also possesses a cluster identical to the Pseudomonas fluorescens NCIMB 10586 mupirocin biosynthesis cluster. This polyketide antibiotic possesses a broad-spectrum activity against Gram-positive bacteria and its production was thought to be limited to one Pseudomonas species (Matthijs et al., 2014) . A phage-related integrase was found 20 kb upstream of this cluster, which advocates for a recent horizontal gene transfer event in P. orientalis 8B. P. chlororaphis strains possesses up to three additional antibiotic gene clusters involved in the production of hydrogen cyanide, pyrrolnitrin and HPR, while strain CMR5c possesses genes involved in hydrogen cyanide, pyrrolnitrin, pyoluteorin and 2,4-DAPG biosynthesis. While the presence of both the phenazine and 2,4-DAPG biosynthesis clusters in one strain is unusual, high-performance liquid chromatography (HPLC) analysis did not reveal any 2,4-DAPG production in strain CMR5c .
Cyclic lipopeptides. Cyclic lipopeptides (CLPs) are versatile metabolites made of a fatty acid tail coupled to a cyclic oligopeptide. They are produced by several nonribosomal peptide synthetases (NRPS) organized in large clusters (Finking and Marahiel, 2004) . In addition to their strong cytotoxic activity towards plant pathogens (D'aes et al., 2010), CLPs have also been associated with numerous biological processes including motility (Andersen et al., 2003; Loper et al., 2012) and biofilm formation (de Bruijn et al., 2008) . Thirty-four strains under study possess at least one putative CLP biosynthetic cluster (Fig. 4) . Organization of the five different clusters found in the genomes under study are presented in Fig. 5 . We found clusters homologous to the viscosin biosynthetic cluster in P. yamanorum LBUM636, P. synxantha 2-79, Pseudomonas sp. LBUM920 and in a few other P. chlororaphis strains (Fig. 4) . Interestingly, the viscosin biosynthetic cluster organization differs between strains from the P. chlororaphis subgroup compared to the three other strains. In P. chlororaphis strains, the three genes composing the viscosin biosynthetic clusters are in the same loci, while in the three other strains, the first biosynthetic gene (viscA) is located 0.3 Mb away from the two other genes (viscB and viscC). We also found clusters homologous to the massetolide and poaeamide biosynthetic clusters in a few strains from the P. fluorescens subgroup (Fig. 4) . Finally, CMR12c produce both orfamide and sessilin, while CMR5c only produces orfamide. These two CLPs have been studied extensively for their role, alongside phenazines, in the biocontrol of Rhizoctonia solani (D'aes et al., 2011; D'aes et al., 2014) .
Siderophores. Plant-beneficial Pseudomonas spp. produce high-affinity iron chelating molecules called siderophores to scavenge bioavailable iron compounds. Siderophores can inhibit plant pathogens growth in ironlimited soils (Loper, 1988; Lemanceau et al., 1992) and are involved in rhizosphere colonization (Höfte et al., 1992; Mirleau et al., 2000) . Pyoverdine is the major siderophore produced by fluorescent Pseudomonas spp. and is consistently present in every strain under study (Fig. 4) . We noticed an important variability in the genomic organization of the genes involved in pyoverdine biosynthesis and uptake, which is expected for members of the P. fluorescens species complex (Ravel and Cornelis, 2003) . In addition to pyoverdine, some strains produce other siderophores. For example, CMR12a and CMR5c carry genes for the biosynthesis of enantio-pyochelin, Fig. 4 . Genes and clusters involved in biocontrol, plant-growth promotion and rhizocompetence. The presence of a gene/cluster is symbolized by a square, while the absence is indicated by a grey circle. Abbreviations are as follow: PCA, phenazine-1-carboxylic acid; PCN, phenazine-1-carboxamide; 2-OH-PCA, 2-hydroxyphenazine-1-carboxylic acid; HCN, hydrogen cyanide; HPR, 2-hexyl, 5-propyl resorcinol; 2,4 DAPG, 2,4-diacetylphloroglucinol; NRPS, Nonribosomal peptide synthetase; PKS, Polyketide synthase; PQQ, Pyrroloquinoline quinone; IAA, indole-3-acetic acid; PAA, phenylacetic acid; 2,3-btd, 2,3-butanediol; PG, peptidoglycan.
which is the optical antipode of the P. aeruginosa pyochelin. This siderophore was discovered in P. protegens CHA0 (Youard et al., 2007) . The presence of this siderophore associated with the presence of orfamides in CMR5c and CMR12a and the presence of the 2,4-DAPG biosynthesis genes in CMR5c illustrate the phylogenetical proximity between these two strains and the P. protegens subgroup. Three other siderophore biosynthetic clusters (hemophore, achromobactin and pseudomonine-like) were found in some of the strains studied (Fig. 4) . Every P. chlororaphis strains aside from P. chlororaphis B25 possesses the achromobactin biosynthetic cluster. In addition, strains from the subspecies piscium of P. chlororaphis also harbour the hemophore biosynthetic cluster. These additional siderophores may act in synergy with phenazines and pyoverdine in iron-limiting soils, such as in the soils of Châteaurenard (Mazurier et al., 2009) , and therefore, contribute to soil-suppressiveness. Finally, we used antiSMASH (Blin et al., 2017) to identify putative secondary metabolite biosynthetic gene clusters in the 63 genomes under study. We detected two putative siderophore biosynthetic clusters in some strains (Fig. 4) . Some genes in these clusters show a high identity to previously described siderophore synthetases and are colocalized with TonB-dependent receptors.
Orphan nonribosomal peptide synthetase and polyketide synthase gene clusters. We detected numerous putative nonribosomal peptide synthetase (NRPS) clusters as well as putative polyketide synthase (PKS) clusters and putative hybrid (NRPS-PKS) clusters with antiSMASH (Fig. 4) . Since most Pseudomonas spp. secondary metabolites characterized to date are produced by NRPS/PKS/NRPS-PKS clusters (Gross and Loper, 2009 ), these orphan clusters represent a promising source for the discovery of novel antibiotic compounds. Genomic location of these clusters in the 63 strains can be found in Supporting Information Table S3 .
Plant-bacteria interaction. We detected several clusters involved in plant-bacteria interactions in the genomes under study (Fig. 4) . P. chlororaphis O6 is known to produce indole-3-acetic acid (IAA) via the indole-3-acetamide pathway (Kang et al., 2006; Dimkpa et al., 2012) . Loper et al., (2012) found genes encoding tryptophan-2-monooxygenase (IaaM) and indole-3-acetamide hydrolase (IaaH) in P. chlororaphis O6 and 30-84 genomes. Beside O6 and 30-84, every P. chlororaphis strains also harbours these two genes (Fig. 4) . We did not found homologues of iaaM and iaaH genes in strains from the three other subgroups, which is consistent with the fact that this cluster was shown to be restricted to the P. chlororaphis and P. koreensis subgroups within the P. fluorescens species complex (Garrido-Sanz et al., 2016). We also did not find genes encoding key enzymes involved in the other IAA biosynthesis pathway in bacteria (Spaepen et al., 2007; Patten et al., 2013) . Few strains also harbour a cluster involved in IAA degradation (iacHABICDEFG; Fig. 4 ). Exogenous IAA can promote plant-growth (Patten and Glick, 2002) but can also have deleterious effects if the concentration exceeds the optimal range (Xie et al., 1996) . IAA degradation by rhizobacteria might help balancing the delicate IAA equilibrium in the rhizosphere and has been shown to suppress the deleterious effect of excessive IAA levels (Leveau and Lindow, 2005) . Some strains also harbour genes involved in phenylacetic acid degradation (Fig. 4) , a known plant hormone with antimicrobial activity (Kim et al., 2004) . Genes involved in 2,3-butanediol biosynthesis (budC/ydjL + ilvBN) and acetoin catabolism (acoRABC + budC/bdh) were found in some genomes (Fig. 4) . These volatile organic compounds are known as plant-growth promoting factors (Ryu et al., 2003) and 2,3-butanediol has been shown to induce systemic resistance and modulates root exudation (Yi et al., 2016) . Every strain also possesses the pyrroloquinoline quinone (PQQ) biosynthetic operon pqqFABCDEF (Fig. 4) . PQQ is a redox cofactor involved in phosphate solubilization (Babu-Khan et al., 1995), which might also positively impact plant growth (Choi et al., 2008) .
Secretion systems. Type III secretion systems (T3SSs) are complex nanomachines involved in cell-to-cell interaction between Gram-negative bacteria and eukaryote cells (Galán et al., 2014) . T3SSs are well-known in plantpathogenic bacteria, such as Pseudomonas syringae, Xanthomonas spp. or Erwinia spp., to mediate the translocation of effectors into plant cells to manipulate host defence responses (Alfano and Collmer, 2004) . T3SSs are also used by several rhizobia to deliver nodulation outer proteins (Nops) into plant cells (Deakin and Broughton, 2009) , which can suppress host immune response (Jiménez-Guerrero et al., 2015) and contribute to host range determination (Yasuda et al., 2016) and nodulation efficiency (Jiménez-Guerrero et al., 2017) . T3SSs are present in numerous plant-beneficial Pseudomonas spp. genomes (Loper et al., 2012; Redondo-Nieto et al., 2012; Almario et al., 2014) and have been associated with diverse functions in the rhizosphere, including immune plant response suppression (Mavrodi et al., 2011) , mycorrhization promotion (Cusano et al., 2011; Viollet et al., 2017) and resistance to amoeboid grazing (Barret et al., 2013) .We found from one to two T3SS clusters in every strain belonging to the P. fluorescens subgroup, in P. yamanorum LBUM636 and in nine strains from the P. chlororaphis subgroup (Fig. 4) . The T3SS found in the genomes under study belong to four families according to the classification established by Troisfontaines and Cornelis (2005) : Hrp1, Hrp3, SPI-1 and SPI-2 (Supporting Information Fig. S6 ). Notably, P. chlororaphis subsp. piscium ToZa7 is the only P. chlororaphis with a T3SS cluster from the Hrp1 family (Fig. 4) , and this T3SS cluster is embedded in a PFGI-1-like genomic island, which indicates a recent horizontal acquisition. Furthermore, the presence of SPI-2 T3SS clusters in four P. chlororaphis strains (TAMOak81, DSM21509, B25 and PA23) is uncommon. To our knowledge, SPI-2 T3SS is not present in other species of the genus Pseudomonas.
Type VI secretion systems (T6SSs) are molecular nanoweapons used by Gram-negative bacteria to inject toxic proteins into eukaryote or bacterial cells (Cianfanelli et al., 2016a) . T6SSs are ubiquitously found in plant-associated Pseudomonas (Barret et al., 2011; Bernal et al., 2018) : the vast majority of Pseudomonas genomes sequenced to date possesses at least one T6SS cluster, and some strains possess up to four T6SS clusters (Marchi et al., 2013; Bernal et al., 2017) . T6SSs are involved in interbacterial competition (Decoin et al., 2014; Bernal et al., 2018) and in disease-suppression (Marchi et al., 2013; Chen et al., 2016; Bernal et al., 2017) . Every strain under study possesses between one and four T6SS clusters and most strains (59 strains) harbour T6SS clusters from both group 1.1 and group 3 (Fig. 4) . Collectively, the 63 strains under study harbour T6SS clusters from the six phylogenetic groups that are known to be present in Pseudomonas spp. (Barret et al., 2011; Bernal et al., 2018) : groups 1.1 (H2-T6SS), 1.2, 2, 3 (H1-T6SS), 4A (H3-T6SS) and 4B (Fig. 4 and Supporting Information Fig. S7 ).
Antibacterial proteins. Beside secondary metabolites, which are predominantly toxic against phylogenetically distant microorganisms, Pseudomonas spp. produce a wide array of broad and narrow spectrum antibacterial proteins that are also effective against closely related species (Michel-Briand and Baysse, 2002; Ghequire and De Mot, 2014) . Using a whole genome Pfam analysis, we searched for antibacterial protein-coding genes in the genomes under study. Each strain harbours an arsenal of antibacterial proteins which are unevenly distributed among the different strains (Fig. 4 and Supporting Information Table S4 ).
Type 6 effectors (T6Es) are toxin proteins injected in neighbouring cells by the T6SS machinery. T6Es can be divided into specialized effectors, and cargo effectors (Cianfanelli et al., 2016a) . Specialized effectors are fused to structural components of the T6SS, such as Hcp, VgrG or PAAR protein. Well-known examples include 'evolved' VgrG protein (Pukatzki et al., 2007) or PAAR-Rhs proteins (Diniz and Coulthurst, 2015) . On the other hand, cargo effectors are not fused to structural components of the T6SS. Genes encoding cargo effector proteins are located within T6SS clusters or in close proximity to orphan vgrG genes (Barret et al., 2011; De Maayer et al., 2011) . Translocation of cargo effectors also requires adaptor -or chaperone -proteins (Unterweger et al., 2017) , which contain conserved domains of unknow function, such as DUF1795 (Diniz and Coulthurst, 2015; Whitney et al., 2015; Cianfanelli et al., 2016b) , DUF2169 (Bondage et al., 2016) and DUF4123 (Liang et al., 2015; Unterweger et al., 2015) .
These adaptors are encoded upstream of their cognate effectors, which can facilitate the discovery of new T6Es. We searched for putative T6Es in the vicinity of vgrG, Hcp and adaptor genes. Most strains harbour genes encoding T6SS-associated Rhs proteins (Supporting Information  Table S4 ), which are encoded by genes located nearby T6SS clusters or orphan vgrG genes. Notably, several T6SS-associated Rhs proteins possess a C-terminal nuclease domain (Fig. 4) . Interestingly, P. chlororaphis T6SS-associated Rhs proteins are located nearby orphan vgrG genes and lack a PAAR domain. In the three other subgroups, most T6SS-associated Rhs proteins are encoded by genes located nearby a T6SS cluster (mostly group 3) and possess a N-terminal PAAR domain. We also found genes encoding a putative effector protein with a N-terminal PAAR-like domain DUF4150 domain and a C-terminal Tox-GHH2 toxin domain (Fig. 4) in most P. chlororaphis genomes. This effector is encoded by a gene located nearby the H1-T6SS cluster (group 3) and share 45%-60% identity (depending on the strains) with the effector PA0099, found in P. aeruginosa PAO1 and harbouring the same domains (Hachani et al., 2014) . Notably, PA0099 display antibacterial activity towards E. coli (Hachani et al., 2014) . Most P. chlororaphis strains also possess up to two genes encoding Tox-REase-5 domaincontaining protein (Fig. 4) . Those genes are located upstream of two genes, one encoding a DUF4123 domain-containing protein and one encoding a PAAR domain-containing protein. Recently, Burkinshaw et al., described a similar cluster in P. aeruginosa PAO1. They found that TseT, a TOX-REase-5 domain-containing effector, directly interacts with PAAR and the DUF4123 domain-containing protein for its delivery through the H2-T6SS (Burkinshaw et al., 2018) . We also found genes encoding predicted triglyceride lipases nearby orphan vgrG genes in most genomes and genes encoding predicted phospholipase D within H2-T6SS clusters in strains from the P. chlororaphis subgroup (Fig. 4) . Similarly to T6Es with lipase activities characterized in other organisms (Russell et al., 2013) , these putative T6Es could function as membrane-targeting effectors. Finally, we found genes encoding putative cell wall-targeting effectors in most P. chlororaphis, including Tae4-like proteins (Pfam PF14113) and peptidoglycan hydrolases with a C-terminal pesticin domain (Pfam PF16754).
Most strains under study harbour genes encoding S-type pyocins (Fig. 4) , which are protease-sensitive bacteriocins, originally discovered in Pseudomonas aeruginosa and subsequently found in numerous Pseudomonas genomes (Ghequire and De Mot, 2014) . We found several S-type pyocin that are composed of a cytoplasmic translocation domain (Pfam PF06958) connected to various toxic domains, such as a DNase HNHc domain (cd00085), a rRNase domain (Pfam PF09000) and a tRNase domain (Pfam PF11429). We also found putative pyocins with a pore forming domain (Pfam PF01024) in several genomes under study (Fig. 4) . Interestingly, P. synxantha LBUM223 harbours a putative hybrid pyocin with two cytotoxic domains (Fig. 4) , a N-terminal colicin-M domain (Pfam PF14859) and a C-terminal pore forming domain (Pfam PF01024). This hybrid pyocin is homologue to Pmnh found in Pseudomonas sp. BG33R (Loper et al., 2012; Ghequire et al., 2017) . Pmnh has been demonstrated to parasitize the ferrichrome transporter to enter into target cells (Ghequire et al., 2017) .
In addition to S-type pyocins, we found genes encoding lectin-like bacteriocins (LlpAs) in five strains belonging to two subgroups (Fig. 4) . Lectin-like bacteriocins have been identified in numerous rhizosphere-colonizing Pseudomonas spp. strains including P. protegens Pf-5 (Parret et al., 2005) and P. chlororaphis 30-84 (Loper et al., 2012) . These bacteriocins interact with the outer membrane protein BamA of pseudomonads (Ghequire et al., 2018) , causing the death of target cells. We also identified genes encoding putative Rhs proteins with a C-terminal nuclease domain in some genomes under study (Fig. 4) . Compared to T6SS-associated Rhs proteins, these proteins lack a PAAR domain and the genes encoding these proteins are not located nearby T6SS components or adaptors. Finally, we also identified CDI toxins harbouring various toxic domains in five strains (Fig. 4) .
Denitrification. The ability to use nitrogen oxide as an electron receptor instead of dioxygen is thought to represent a competitive advantage for rhizobacteria in conditions of low available dioxygen. The role of nitrate reduction in rhizosphere colonization has been demonstrated in many studies (Ghiglione et al., 2000; Mirleau et al., 2001) . Some strains under study harbour one to three denitrification clusters (Fig. 4) : we found the nar (nitrate reduction), nir (nitrite reduction) and nor (nitric oxide reduction) clusters in the genomes under study. Three P. synxantha strains and CMR5c/ CMR12 harbour the three clusters. Strains from the subspecies piscium and aureofaciens (P. chlororaphis) possess the nar and nor clusters, while the subspecies aurantiaca does not have any (Fig. 4) . These results are consistent with other studies (Peix et al., 2007; Garrido-Sanz et al., 2016) . The 30-84, ATCC 17415 and TAMOak81 strains do not harbour any denitrification clusters (Fig. 4) . This supports our decision to not include these strains in the chlororaphis subspecies, as denitrification has been defined as a discriminant characteristic of this subspecies (Peix et al., 2007) .
Evolutionary history of the phenazine biosynthetic operon in plant-beneficial Pseudomonas spp
We investigated the genomic context of the phz operon in 13 strains representative of the four subgroups. We found that the phz operon is located in different genomic regions for the different subgroups (Fig. 6 ). In the P. chlororaphis subgroup, the phenazine biosynthetic operon is located in a region of 60-70 kb delimited by a tRNA gene and a rRNA operon (Fig. 6A ). This region, distant by approximately 1 Mb from the origin of replication, shows a very high synteny between P. chlororaphis strains. This region is also present in strains CMR12a, CRM5c and LBUM636 (CMR12a/CMR5c and P. gessardii subgroups, respectively) where it shows a high synteny near the rRNA operon and a low synteny near the tRNA gene (Fig. 6A ). In the P. fluorescens subgroup, an extensive recombination event between two rRNA operons has redistributed the different genes of this region in two loci (Fig. 6A) . For the three other subgroups, the phz operon is located in three different loci (Fig. 6B ). In the P. fluorescens subgroup, the genomic context of the phenazine biosynthetic operon shows low synteny between the different species (Fig. 6B) . This is not surprising, given that the phenazine biosynthetic operon is located near the terminus of replication, one of the regions that show the least synteny in Pseudomonas spp. genomes (Silby et al., 2011) .
The presence of the phenazine biosynthetic operon in the immediate proximity of a tRNA gene in the P. chlororaphis subgroup (Fig. 6A ) is particularly interesting, as this tRNA gene might represent an insertional hotspot for mobile genetic elements (Reiter et al., 1989) . This hypothesis is supported by the presence of a 18 kb phage remnant located between the tRNA gene and the phenazine biosynthetic operon in P. chlororaphis ChPhzS23 (Fig. 6A ) and in few other strains. We also found a conserved integrase downstream of the phenazine biosynthetic operon in strains from the P. fluorescens subgroup (Fig. 6B ) and a PFGI-like genomic island downstream of the phz operon in CMR12a (Fig. 6B) , which indicates that these regions are suitable for mobile genetic elements insertion. These elements, associated with the patchy distribution of phenazine production in the P. fluorescens species complex (Supporting Information Fig. S1 ) and the different genomic contexts, might be indicative of horizontal gene transfer events that lead to the acquisition of the phz operon.
To evaluate this hypothesis, we studied the genes of the phz operon. The seven genes (phzABCDEFG) have a total number of 2321 polymorphic sites which resulted in 547 amino acid replacements. We calculated the dN/dS for each gene. The dN/dS ratio was significantly lower than 1 for the seven genes, which is indicative of a purifying selection (Kryazhimskiy and Plotkin, 2008) . We inferred a neighbour-joining phylogeny based on an alignment of the phenazine biosynthetic operon phzABC-DEFG (Supporting Information Fig. S8 ). We found that the 63 strains under study are distributed among three groups, which correspond to (i) the P. fluorescens subgroup and LBUM636, (ii) the P. chlororaphis subgroup and (iii) CMR12a and CMR5c. These three groups correspond to clades A1, A2 and A3 established by Mavrodi et al., with data from a 391-bp fragment of the phzF gene (Mavrodi et al., 2010) . This phylogeny is in agreement with the phylogeny presented in Fig. 2 , except for two elements. First, the phz operon from P. yamanorum LBUM636 relates to the phz operon found in Pseudomonas sp. LBUM920, while the two strains are phylogenetically distant. Second, P. chlororaphis strains harbouring phzH and those harbouring phzO are clearly distributed in two different groups in this phz operon-based phylogeny. It contrasts with the core genome phylogeny, in which strains 30-84, ATCC 17415, DSM 50083 T and TAMOak81 (four strains harbouring phzO or phzH) are distributed together. The phenazine biosynthetic operon has a complex evolutionary history, where horizontal gene transfer events likely played a role in its distribution among several distantly related genera such as Streptomyces, Burkholderia, Pectobacterium and Pseudomonas (Fitzpatrick, 2009; Mavrodi et al., 2010) . The evolutionary history of the phz operon in plant-associated Pseudomonas spp. has been studied by Mavrodi et al., (Mavrodi et al., 2010) . They suggested that, given the topological similarity between phzF-based phylogeny and housekeeping genes phylogeny, the acquisition of the phenazine biosynthetic operon was likely an ancient event, preceding the speciation in this group of bacteria (Mavrodi et al., 2010) . Our results also support this hypothesis. However, it is possible that species such as P. yamanorum acquired the phz operon later from a strain belonging to the P. fluorescens subgroup. Moreover, given the different genomic context, it is likely that the phenazine biosynthetic operon was relocated several times during Pseudomomas evolution. Intragenomic recombination and rearrangements are frequent in Pseudomonas genomes (Silby et al., 2011) and a similar scenario has been proposed by Moynihan et al. for the phl operon, which was likely relocated at least three times within the P. fluorescens species complex (Moynihan et al., 2009) . It is also possible that the phz operon relocation was associated in some cases with the loss of accessory phenazine biosynthetic genes, such as phzH/phzO in the P. fluorescens subgroup. Finally, it is quite interesting that two P. chlororaphis strains harbouring different accessory phenazine biosynthetic genes (phzH/phzO), still present an excellent synteny near the phenazine biosynthetic operon. This raises many interrogations about the origin of phzO and phzH and the selective conservation of only one of them in P. chlororaphis strains.
Conclusions
We assembled a collection embodying the diversity of plant-beneficial phenazine-producing Pseudomonas spp. Our collection encompasses representative strains from almost every species within the P. fluorescens complex known to produce phenazine derivatives, distributed in four different subgroups. In addition, our collection broadly includes the diversity found in previously published studies (Mazurier et al., 2009; Mavrodi et al., 2010; Parejko et al., 2013) , including strains isolated from the natural suppressive soils of Châteaurenard and from the Lind and Ritzville soils in the Columbia Plateau. The diversity of our collection is reflected by the size of the pangenome, reaching 25 413 CDSs for 63 strains, and by the diversity of phytobeneficial biosynthetic clusters found in the different genomes. In addition to the phenazine biosynthetic operon, each strain possesses an arsenal of antimicrobial biosynthetic clusters involved in the production of antibiotics, siderophores or cyclic lipopeptides. This diversity is meaningful, as different antimicrobial compounds often act in synergy to suppress plant diseases. The diversity found in the 63 strains is a good illustration of the ability of phenazine-producing Pseudomonas spp. to suppress a wide spectrum of fungal and bacterial plant pathogens. This diversity contrasts with the remarkable conservation of the phenazine biosynthetic operon in the different subgroups, although, being located in different genomic regions, a probable result of genomic relocation. With the sequencing of 58 complete genomes, we contributed to increasing the available genomic resources for phenazine-producing plantbeneficial Pseudomonas spp., and broadly, for plantbeneficial pseudomonads. We hope that this work will support better understanding of the mechanisms involved in plant disease suppression, plant growth promotion and rhizosphere colonization by opening new paths of research.
Experimental procedures

Bacterial strains
Bacterial strains used in this study are listed in Supporting Information Table S1 . All bacterial strains were conserved at −80 C in tryptic soya broth (BD Biosciences, Franklin, NJ) supplemented with 50% glycerol (vol/vol). For genome sequencing, strains were grown in tryptic soya broth for 48 h at 25 C with continuous shaking.
Genome sequencing, assembly and annotation
Genomic DNA was extracted using the UltraClean microbial DNA isolation kit (Mo Bio, Carlsbad, CA) and purified using Agencourt AMPure XP beads (Beckman Coulter, Mississauga, Canada) according to the manufacturer's instructions. Genomes were sequenced using Single Molecule, Real-Time sequencing technology on a PacBio RS II sequencer (Pacific Biosciences of California, Menlo Park, CA) at the McGill University and Génome Québec Innovation Centre located in Montreal, Canada. Genome assembly was performed using the HGAP pipeline (Chin et al., 2013) , generating single contiguous genome sequences, which were subsequently circularized by merging overlapping ends. Genome sequences obtained in this study were automatically annotated using the RAST annotation pipeline (Aziz et al., 2008; Brettin et al., 2015) . Genomes of previously sequenced strains used in this study were reannotated using the RAST annotation pipeline as well. Annotation of the 63 genomes were manually improved.
Accession numbers
Complete genomes obtained in this study have been deposited in DDBJ/EMBL/GenBank under the accession numbers provided in Supporting Information Table S5 . The versions described in this paper are the first versions.
Comparative genomics
CDSs from each genome were compared against each other to identify orthologous CDSs that are (i) present in every strain (core genome), (ii) group-specific or (iii) unique to a given strain (singletons) using EDGAR (Blom et al., 2009; Blom et al., 2016) . Orthologs were identified using bidirectional best blast hits with an orthology cutoff corresponding to a Score Ratio Value of 0,30. A phylogenomic tree was built out of 2651 gene sets of the core genome using EDGAR. Briefly, alignments of the core genes were generated using MUSCLE (Edgar, 2004) and nonmatching parts of the alignments were masked and removed by GBLOCKS (Talavera and Castresana, 2007) . The remaining part of the alignment was concatenated into one alignment of 2 799 025 bp per genome, which was used to generate the phylogenomic tree using the neighbour-joining method as implemented in PHYLIP. To verify the resulting tree topology, 200 bootstrap iterations were calculated. As a distant phenazine-producing member of the Pseudomonas genus, P. aeruginosa PAO1 T (NC_002516) was used as an outgroup (therefore, the 2651 genes correspond to the core genome of the 63 strains under study plus P. aeruginosa PAO1 T ). Functional annotation of the 3143 core proteins was performed using eggNOG (Huerta-Cepas et al., 2015) .
Two phylogenetic trees were generated using CLC Genomics Workbench 9.0 (CLC bio, Boston, MA). A neighbour-joining phylogeny was generated from an alignment of the complete phenazine biosynthetic operon phzABCDEFG (including the intergenic regions). The distance matrices were calculated using the Kimura two parameter substitution model. We also inferred a neighbour-joining phylogeny based on a concatenated alignment of partial sequences for four housekeeping genes (16S rDNA, gyrB, rpoD and rpoB) from the 63 strains under study alongside 82 strains belonging to the P. fluorescens species complex. For the 82 additional strains, sequences were retrieved from Genbank and from the Pseudomonas Genome database (Winsor et al., 2016) . The distance matrices were calculated by the Jukes-Cantor method. For both phylogenetic trees, Pseudomonas aeruginosa PAO1 T (NC_002516) was used as an outgroup and 1000 bootstrap replicates were performed. ANI and AAI matrices were calculated using EDGAR. The Pseudomonas genome database was consulted to retrieve genes of interest used thereafter as baits to identify putative orthologs in the genomes under study. Secondary metabolites production clusters were identified using antiSMASH (Medema et al., 2011; Blin et al., 2017) . Putative antibacterial proteins were identified by whole genome Pfam analysis using CLC Genomic Workbench 9.0 and analysed subsequently using the InterPro website (Finn et al., 2017) . The software MEGA7 (Kumar et al., 2016) was used for dN/dS calculation. Table S1 . Origin of the different strains used in this study. Table S2 . Genomic features for the 63 genomes under study. Table S3 . Genomic location of the different NRPS/PKS/ NRPS-PKS clusters found in the 63 strains under study. Table S4 . Antibacterial proteins found in the 63 genomes under study. Table S5 . Accession numbers. Fig. S1 . Neighbour-joining phylogeny based on a concatenated alignment of four housekeeping genes (16S rDNA, gyrB, rpoD and rpoB). Distance matrices were calculated by the Jukes-Cantor method. Bootstrap values over 60% (out of 1000 replicates) are indicated at the nodes. For each phenazine-producing strain, a symbol indicating the phenazine derivative produced is presented. The rectangle corresponds to strains producing only phenazine-1-carboxylic acid (PCA). The triangle corresponds to strains producing phenazine-1-carboxamide (PCN) and the circle corresponds to strains producing 2-hydroxyphenazine (2-OH-PHZ) and/or 2-hydroxyphenazine-1-carboxylic acid (2-OH-PCA). Abbreviations are the following: P, Pseudomonas; chl, chlororaphis. Fig. S2 . Average nucleotide identity matrices. Fig. S3 . Average amino acid identity matrices. Fig. S4 . Distribution of 3143 core proteins by COG functional categories. Proteins without COG annotation are classified as 'Not Determined'. Fig. S5 . Pangenome development plot for 63 plantbeneficial phenazine-producing Pseudomonas spp. The red curve shows the fitted exponential Heaps' law function. Blue and green curves indicate the upper and lower boundary of the 95% confidence interval. One thousand random genome samples were created for every genome count. Fig. S6 . Maximum-likelihood phylogeny based on aligned amino acid sequences of Hrc(Rsc)V proteins. Genomes included in this study are highlighted. Bootstrap values over 60% (out of 1000 replicates) are indicated at the nodes. Fig. S7 . Maximum-likelihood phylogeny based on amino acid sequences of TssB proteins. Genomes included in this study are highlighted. Bootstrap values over 60% (out of 1000 replicates) are indicated at the nodes. Fig. S8 . Neighbour-joining phylogeny based on the complete phenazine biosynthetic operon phzABCDEFG. Distance matrices were calculated using the Kimura-two parameter substitution model. Bootstrap values of more than 50% (out of 1000 replicates) are indicated at the nodes. For each strain, a symbol indicating the phenazine derivative produced is presented. The rectangle corresponds to strains producing only phenazine-1-carboxylic acid (PCA). The triangle corresponds to strains producing phenazine-1-carboxamide (PCN) and the circle corresponds to strains producing 2-hydroxyphenazine (2-OH-PHZ) and/or 2-hydroxyphenazine-1-carboxylic acid (2-OH-PCA). Abbreviations are the following: P, Pseudomonas; chl, chlororaphis.
